The layered magnetic topological insulator MnBi2Te4 is a promising platform to realize the quantum anomalous Hall effect because its layers possess intrinsic ferromagnetism.
In the context of tremendous progress in topological materials [1, 2] , many attempts have been made to introduce magnetism in topological insulators (TI) for emerging new physics and potential applications [3] [4] [5] [6] [7] [8] , which include the quantum anomalous Hall (QAH) effect and topological magnetoelectric effect. It is difficult to combine magnetism and topological properties in a natural insulator simultaneously. So far, there are two dominating methods of introducing magnetism, one is doping magnetic metal elements into TI [4, 9, 10] , and the other is constructing ferromagnet/TI heterostructure [11] [12] [13] [14] [15] . The former led to the experimental observation of the QAH effect at tens of millikelvin [10] , and the latter has complicated technical requirements.
Obviously, both are at the stage far from practical applications. Recently, the layered phase MnBi2Te4 was theoretically predicted to be an antiferromagnetic (AFM) TI [16, 17] and was soon confirmed by experiments [18] [19] [20] . Each MnBi2Te4 layer has a seven-sheet structure with the stacking pattern of Te-Bi-Te-Mn-Te-Bi-Te [see FIG. 1 
(a)]
where each sheet has a trigonal arrangement of atoms; the sheet of Mn and the two inner sheets of Te form a MnTe2 layer. The latter is sandwiched between two sheets of Bi, and the resulting MnTe2Bi2 layer between two outer sheets of Te such that each Mn forms an MnTe6 octahedron, and each Bi an BiTe6 octahedron. The formal oxidation states of Mn, Bi and Te are +2, +3 and -2, respectively, and each Mn 2+ cation is in the high-spin state ( 5 , S = 5/2). It is important to note that the inner Te atoms are the firstcoordinate ligands of both Mn 2+ and Bi 3+ cations, namely, the inner Te 2anions interact with both Mn 2+ and Bi 3+ cations through the Mn-Te-Bi bridges. The Mn 2+ ions are ferromagnetically coupled in each MnBi2Te4 layer, so the topological property and magnetism of MnBi2Te4 depend on the number of MnBi2Te4 layers in a sample;
MnBi2Te4 exhibits a topological axion state and antiferromagnetism in films containing an even number of layers, but the QAH effect and ferromagnetism in films containing an odd number of layers [21] [22] [23] [24] . Due to this layer-number-dependent magnetism, MnBi2Te4 is a multi-functional magnetic material with potential applications in two dimensional (2D) magnetic materials [25, 26] . Hence, it is important to study its magnetism from both a theoretical point of view and an application perspective.
Within each MnTe2 layer of MnBi2Te4, the spin exchanges between adjacent Mn 2+ ions are Mn-Te-Mn superexchanges. In predicting whether this type of spin exchange is FM or AFM, one often employs the Goodenough-Kanamori rule [27] [28] [29] [30] [31] . When the TM is a high-spin 5 ion, the TM-L-TM spin exchange is predicted to be strongly AFM when the TM-L-TM bond angle is around 180, but weakly AFM when the bond angle is close to 90 [25] . Experimentally, the Mn-Te-Mn angle of MnBi2Te4 is 94.44 [32] , so the intralayer ferromagnetism in MnBi2Te4 contradicts the famous Goodenough-Kanamori rule.
In this Letter, we use first-principles density functional theory (DFT) calculations to verify the ferromagnetic (FM) coupling within a MnBi2Te4 layer and probe the microscopic origin of the intralayer FM coupling. We find that, for the FM coupling between the Mn 2+ cations, the interactions of the Te 2anion in each Mn-Te-Mn spin exchange path with its adjacent Bi 3+ cation, which involves electron density transfer from the Te 2anion to the Bi 3+ cation, are crucial. Furthermore, using a model Hamiltonian under the tight-binding approximation, we show why this is the case.
MnBi2Te4 is a van der Waals (vdW) material with space group R3 ̅ m for the bulk [32] and P3 ̅ m1 for the monolayer, and the weak vdW interactions between adjacent layers can hardly affect the intralayer magnetic interactions. Unless stated otherwise, we focus on a MnBi2Te4 monolayer throughout this paper. The FM coupling between magnetic ions are also found in the layered phases CrGeTe3 [25] and CrI3 [26] as well.
However, the mechanism of FM coupling in MnBi2Te4 containing Mn 2+ ( respectively, and that of AFM-II 3.06 and 4.48 meV, respectively. That is, regardless of whether the SOC is included or not, the ground state is always FM. Hence, it is reasonable to ignore SOC in our discussion (We will discuss briefly the effect of SOC later). Using the four-states method [33, 34] , we evaluate the first, second and third nearest-neighbor (NN) spin exchanges 1 , 2 and 3 , respectively, to find that 1 is FM (-0.94 meV), 2 is AFM (0.14 meV) and 3 is FM (-0.038 meV). 3 is one and two orders of magnitude smaller than 1 and 2 , respectively, and can be ignored. , as shown in FIG. 4(b) . For the spin-down manifold, the energy gain is same as the spin-up manifold.
Therefore, the total energy gain due to the introduction of M is given by:
Comparing the energy gains in the FM and AFM states caused by introducing the surrounding atom M, we obtain ∆ = ∆ − ∆ :
where = ∆ > 1 in order to keep the L orbital occupied, and = ∆ ′ ∆ 2 > 2 as mentioned before. Therefore, ∆ is always larger than 0, so the energy gain of FM state is greater than that of AFM alignment. This mechanism can also be intuitively seen from FIG.4(a) and (c). In FM state, the -hybridization is stronger than that in AFM, which results in a greater lowering of the -orbital of L. The difference in the different energy gains is proportional to the square of the -hopping ′. Therefore, the ground state of the system depends on the competition between the different energy gains, ∆ , and the exchange energy, ∆ , of the three-site cluster. The stronger the p-p hopping, the more likely it is to achieve the FM ground state. In FIG.3(b) , we plot the numerically computed exchange energy as a function of the p-p hopping ′ to find that an AFM-to-FM transition can indeed occur when | ′ | is increasing.
As discussed above and in Section VI of the SM, each Bi 3+ cation attached to the inner Te 2anion forming the Mn-Te-Mn superexchange path is crucial for the FM coupling between the Mn 2+ magnetic ions. Additionally, as mentioned earlier, SOC enhances ferromagnetism. Comparing the PDOS without and with SOC (see Section IV of the SM), we find that the Bi 6 -orbital is lowered in energy under SOC. The latter will enhance the p-p hybridization between the -orbitals of M and L, resulting in a stronger FM coupling between the two TM. This conclusion is consistent with our foursites model. 
